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BIOMASS AS AN ENERGY MECHANISM
E. C. Clausen, 0. C. Sitton, E. L. Park,
and J. L. Gaddy
Department of Chemical Engineering
University of Missouri-Rolla
Rolla, Missouri
Abstract
Laboratory studies at the University of Missouri-Rolla have demonstrated the
feasibility of producing methane by anaerobic digestion of various crop materials,
such as grasses and corn stalks. These studies indicate that about 6.0 scf of
methane are produced per pound of crop material destroyed. Preliminary design
and economic studies of a large methane plant show that the reactors represent
the largest cost item and that efforts should be concentrated on defining reac
tion kinetics and reactor design. This paper discusses various approaches to
reactor design. A process to produce 50 M5CFD of methane is described, and the
design and economics are analyzed.
supplied by the annual solar energy falling on an
area 75 miles square (5,625 square miles). Undisputedly, solar energy is the most universal and
plentiful form of energy.

In 1975, the total energy consumption in the
United States was 80.0 E+15 BTU, which exceeded
the domestic supply by thirty-five percent
The importation of crude oil alone amounted
to about forty billion dollars, and this drain
on the economy is expected to double by 1990 (2)
'
With domestic fossil fuel reserves being rapidly
depleted, the only way to achieve long-range
energy independence is through the development
of alternative energy sources, particularly
renewable sources.

Solar Energy Collection

This nation has an almost unlimited renewable en
ergy source in the form of solar energy. For ex
ample, during any fourteen daylight hours, an
amount of solar energy equal to our annual con
sumption (1975) is incident upon the surface of
the United States, at an average insolation rate
of 3 BTU/min-ft^, Calvin^ and Alich and Inman^l
Alternately, the U.S. energy requirement could be
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Solar radiation is an inconvenient form of energy.
It is diffuse and large collection areas are re
quired. Solar energy is intermittent and some form
of energy storage mechanism must be provided.
Photovoltaic and photothermal methods of conversion
have respectable conversion efficiencies (5.0 to
15.0 percent) but the high cost of these systems
will probably impede their widespread application.
Solar energy can also be collected by photosynthe
sis, a method which manufactures its own collection
network and provides its own energy storage mech
anism. The leaf system, or canopy, of a particular
plant serves as a solar energy collecting surface.
Depending on the structure of the canopy and on
the type of plant, 0.2 to 4.0 percent of the total

incident radiation is converted into plant matter,
or biomass. Typical efficiencies range from about
1.0 percent for corn and sugarcane to about 0.2
percent for a forest, as presented in Table I.
However, for developed canopy systems and under
controlled conditions, conversion efficiencies as
high as 30.0 percent have been reported, Farring
ton (8); indicating that higher efficiencies are
possible for crops grown specifically as an energy
source.

percent (19.85 million acres) is idle, Agricultur
al Statistics, 1974 ^10^. If this idle land could
be used to produce biomass at 15 tons/acre-year,
a total of 297.8 million tons could be produced
per year. At an average heating value of 6500
BTU/lb for plant matter, 3.87 E+15 BTU of energy,
or about 4.8 percent of the total U.S. energy con
sumption is available.
Extrapolating to all U.S. idle cropland, about
11.5 percent of our total energy can be supplied
from this source. This quantity of energy is a
significant resource and should be exploited.
However, there will be growing competition for
cropland to meet the increasing demand for food,
so that cropland devoted to energy production
would necessarily have to decline in the future.

Biomass, or chemical energy, can serve as an energy
mechanism, to be harvested when needed and trans
ported to points of usage. New technology need
not be developed, since existing agricultural
techniques and equipment can be utilized. However,
land availability must be carefully considered in
evaluating the potential of this energy alterna
tive.

Crop wastes. Over 95.0 percent of the field crops
are planted for food grains, Sharpies
a
small part of the corn is fed as silage and some
wheat straw is used as bedding materials. Other
wise, the residual plant mass is unused once the
grain has been harvested. It is estimated that
an excess of 400 million tons of agricultural
wastes are available each year, Anderson

Sources of Biomass
Table II presents the distribution of land in the
United States according to major uses. Croplands,
rangelands, and forests each occupy approximately
20 percent of the total land area. Only 4.5 per
cent of the total land area is in pasture, with
36 percent in non-rural use.

Based on present harvesting techniques, typical
waste factors for common food grains were calcula
ted and are presented in Table III. Applying
these factors to the yearly production rates of
the various grains from the north central region
of the United States, available crop wastes were
computed, as shown in Table III. As noted, a
total of 174 million tons of residual crop matter
is available in this small area where agriculture
is concentrated. At an average heating value of
6500 BTU/lb, approximately 2.30 E+15 BTU of energy,
or about 2.9 percent of the total energy consump
tion, is available. If all the agricultural waste
in the United States (400 million tons) were col
lected and converted to useful, energy, the total
would amount to 6.0 percent of our energy needs.

Land quality is a key factor in biomass production.
Based on national soil surveys, land is classi
fied into one of eight groups, according to its
capability of growing field crops. Class I land
is suitable for growing a wide range of plants and
is nearly level. Class IV lands can be cultivated;
however, careful soil management is required.
Class V to Class VIII lands have severe limita
tions and cultivated crops cannot be grown feas
ibly.
The distribution of Class I to Class IV lands by
usage is also shown in Table II. Rangelands and
forestlands are poorer quality lands, whereas al
most 95 percent of all cropland is classified
Class I to Class IV.
Idle cropland. Over 42 percent of the 437.58 mil
lion acres of cropland is concentrated in the
north central region. Of this percentage over 10
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Range and forest land. Approximately 42.5 per
cent or about 251.42 million acres of the range
and forest land in the United States is idle.
Poor soil, low water availability, or steep slopes

Table I. Solar Efficiencies of Various Crops
Estimated
Solar Energy
Conversion
Fuel Value
Dry Yield
Percent
BTU/LB
Tons/Acre-Year

Location

Plant Type
Oak-Pine Forest
Hybrid Poplar
Sycamore
Reed Canary Grass
Bermuda Grass
Alfalfa

New York
Pennsylvania
Georgia
U.S. Midwest
Alabama
U.S. Average

7000
5625
5800
6500
5625
6500

(5)
(6)
(5)
(5)
(6)
(5)

Corn
Sugar Cane
Sugar Cane (Best Case)
Cattail Swamp
Algae (fresh-water pond)
Sewage Pond

U.S. Average
Louisiana & Florida
South Texas
Minnesota
California
California

6500 (5)
6500 (5)
6500 (5)
6500*
6500*
6500*

5.4 (7)
4-8 (6)
1. 6-11.2 (5)
6.32 (5)
8-11 (6)
2.85 (5)

0.41
0.24-0.47
0.09-0.61
0.29
0.42-0.58
0.18

11 .2-17.9 (7)
20 (5)
50 (4)
11.2 (7)
8-39 (4)
25.1 (7)

0.72-1.15
1.11
2.79
0.88
0.43-2.09
1.34

*Estimated
Table II.

Distribution of Land in United States by Usage and Quality (9)
Percent of
U.S. Total

Class I-IV
Percent of
Area
M Acres
Eacri Division

Usaqe

Area
1M Acres

Croplands
Pasturelands
Rangeland
Forestland
Other Land

437.68
101.74
380.14
462.32
56.22

19.3
4.5
16.8
20.4
2.5

414.98
77.00
100.25
45.43
28.69

94.8
75.7
26.4
9.8
51.0

Total Rural

1438.00

63.5

666.35

46.3

827.60

36.5

2265.60

100.0

Non-Rural
Water
Cities
Parks
Federal
Total U.S.

ritate that 57 percent of this idle land be
categorized as unproductive, leaving 107.92 mil
lion acres available for biomass production
If this land could be used to produce biomass at
5 tons/acre-year (a typical rate for forest trees
or range grasses), a total of 539.6 million tons
could be produced. Using a heating value of 6500
BTU/lb for the biomass, 7.02 E+BTU of energy, or
about 8.8 percent of the total United States energy
consumption, is available.

Summing the expected available energy from
croplands, crop wastes, and idle range and forest
lands, approximately 26.3 percent of our energy
consumption requirement can be met. If however,
energy crops could be developed that grow on mar
ginal lands with little cultivation or produce more
than 15 tons/acre-year on idle cropland, this per
centage could be increased significantly. These
types of crops are under investigation at the
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University of Missouri.

Table III. Waste Factors and Quantities of Crop Wastes
Waste Factor (4, 13)
(lb waste/bu. grain)

Corn

Soybeans

Sorghum

Small
Grains

39.71

49.31

25.16

61.37

State
Illinois
Iowa
Kansas
Mi nnesota
Missouri
Nebraska
North Dakota
South Dakota
Total

Total

Million Tons Per Year (4 , 11)
20.63
23.47
4.39
9.45
5.41
22.46
10.49
15.65
111.95

5.83
4.30
1.15
1.62
2.40
4.08
3.69
4.11
27.18

Biomass as an Energy Mechanism
Crop matter is an inconvenient form of energy. It
can be burned, but the high moisture content re
duces the efficiency of combustion. Also, storage
and transportation of crop matter is inconvenient
and expensive. These difficulties can be overcome
by converting biomass to gas. Pyrolysis and hydro
gasification are two processes for gasifying or
ganic matter. These processes operate at elevated
temperatures and pressures and, although still un
der development, suffer from low conversion effiencies, 30 to 50 percent, Anderson
and
Feldman
Plant matter can also be converted to methane bio
logically by the process of anaerobic digestion.
This process occurs at ordinary temperatures and
pressures with a theoretical thermal conversion
efficiency as high as 94 percent, Hungate
Anaerobic digestion is a three stage process.
Solid organic material is enzymatically dissolved.
Soluble organics are then metabolized by bacteria
to organic acids and alcohols. Methane bacteria
convert these fatty acids and alcohols to methane
and carbon dioxide.

0.16
0.11
0.08
0
0.60
0.09
0
0.05
1.09

2.43
1.31
11.47
7.19
1.40
1.28
8.26
1.06
34.41

29.05
29.19
17.09
18.26
9.81
27.91
22.44
20.87
174.63

Flay, cornstalks, comfrey, municipal refuse, and oak
leaves have been studied in the University of
Missouri-Rolla laboratories to determine the feasi
bility of producing methane from various materials.
These studies indicate that up to 19.5 ft3 of meth
ane is produced per pound of carbon destroyed.
Typical carbon content of these materials is 30.0
to 40.0 percent; and, with 80.0 percent carbon de
struction, up to 6.0 ft3 of methane are produced
for each pound of dry crop matter.
Kinetic Studies
Since anaerobic digestion has been studied almost
entirely as a municipal waste treatment process,
most models for reactor design deal exclusively
with waste and sewage treatment. For example,
Metcalf and Eddy, Inc.
present an empirical
method of determining reactor volume based on volatile-solids-loading factor. The loading factor is
presented in tabular form as a function of sludge
concentration and hydraulic detention time. Re
actor volume is then calculated as the ratio of
volatile solids to loading factor.
A more general development of design equations for
continuous flow biological processes is given by
Lawrence
This method is based upon a mass
balance on limiting substrate and microorganisms
about a continuous-flow reactor. The production of
methane is considered to be the rate-controlling

Anaerobic digestion has been studied extensively
as a municipal waste treatment process; however,
little data is available concerning the anaerobic
digestion of crop matter in continuous culture.
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A differential mass balance, applied to a micro
bial mass, in which the molecular transport is
described by an effective diffusion coefficient,
yields the following equation ^18, 19^:
d2C*
(3)
D -- §• - a r = 0
e .2
s
dx

step , with the kinetics represented by the Monod
equation. The basic parameter for reactor design
is the "biological solids retention time," ec>
calculated as:
YkS - b
K + S
s

(1 )

where D
e
C*
s
x
a

= effective molecular diffusion coefficient
= substrate concentration in the inner
region of the microbial mass, (mg/1)
= distance into microbial mass
= active surface area per unit volume of
microbial mass
r = rate of substrate consumption by reacs tion, (mg/1-day).

Y = growth yield coefficient, mass/mass
k = maximum rate of substrate utilization
per unit weight of microorganisms, time
K = half-velocity coefficient, mass/volume
s
. -i
b = microorganisms decay coefficient, time
S = growth limiting substrate concentration,
mass/volume.
The constants Y, k, K , and b have been experimen
tally determined for simple pure substrates re

The relationship generally employed to describe
the rate of substrate consumption in microbial
• (18,
19, 20)..
reactions is
v

quired in the methane-forming step (organic acids
and alcohols) and can be found in the literature.
Thus, for a required value of S, 0C can be deter
mined and the reactor volume, V, found from Equa
tion (2):

V = 0CQ

k4
rs = K + C*

(2)

( 4)

where Q is the volumetric flow rate.

where k^ = rate constant, (mg/1-day).

The model assumes that methane formation is the
rate-limiting step. For complex substrates such
as corn stalks and other fibrous, cellulosic
materials this may not be the case. Furthermore,
the constants Y, k, Ks> and b are concentration
dependent and require measurement of microorganism
concentration by determining volatile suspended
solids, which is difficult for complex, solid sub
strates. Also, this model does not account for
diffusion of limiting substrate to the microorgan

Equation (4) is analogous to the Michaelis-Menten
expression for the rate of product formation in
enzyme kinetics. Since the reactions involved in
the metabolism of bacteria are controlled by en
zymes ^ 9^ and since the substrate is initially
hydrolyzed by enzymes, it is reasonable that the
kinetics of the biological utilization of sub
strate follow that of enzymatic reactions.

ism.
In industrial processes, microorganisms are em
ployed as biological floes suspended in fluid
(anaerobic reactors) or as biological films ad
hering to a support surface. In either system,
the microorganisms take the form of a gelatinous
material which is considerably larger in size than
that of an individual bacterium ^18, 19^. The
substrate molecules must be transported through
this gel surrounding the organisms before any
reaction can proceed; and, the model describing
substrate conversion should, logically, include
a separate diffusional resistance.
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Substituting Equation (4) into Equation (3)
produces:
? *
*
d" C
k. C
0
dx
K + C_

(5)

Solutions to Equation (5) have been presented by
Atkinson and Daoud
For microbial floes,
low substrate concentrations, and high diffusional
resistance, this solution reduces to:
rs

k5Cs

(

6)

where k- = combined rate constant including re5 action and diffusional influences,
days-T.
To check the validity of Equation (6), reaction
kinetics of various agricultural substrates were

required for a large-scale system. Design equa
tions for equal-volume reactors in series have
(221
been given by Levenspiel v

determined at the University of Missouri-Rolla.
Ten liter mechanically-stirred reactors were op
erated at a constant volume of five liters. Feed
mixtures of five and ten percent solids by weight
were added, and equivalent volumes of effluent
were removed daily. Retention times varied from
20 to 40 days. The daily volumes of gas produced
were measured using Precision Scientific Wet Test
meters. Percentages of methane, carbon dioxide,
and air in the gas stream were determined using
gas-solid chromatography (1/8" x 5' Porapak Q
column). Carbon concentrations of influent and
effluent were measured on an Oceanography Inter
national total organic carbon analyzer.

where e.. = individual tank residence time, days
N = number of tanks in series.

The reaction rate of the various substrates was
calculated at different retention times using the
design equation for a mixed-flow reactor,
(21 )
Levenspiel '
r
r

where C = influent carbon concentration, moles/
50 liter
C = effluent carbon concentration, moles/
s
liter
0 = retention time, days
Assuming an nt31 order rate equation:
rs = kCs"

(8)

Fig. 1. Determination of First Order Rate Constant

A plot of In r$ as a function of In Cs yields a
straignt line with slope n and intercept In k.
These plots, for various substrates, produce
slopes which are approximately unity, confirming
Equation (6) as first order. Rate constants are
determined from plots of Equation (6) in Figure 1
as 0.086 days"3 for continuously-stirred systems,
and 0.054 days"1 for daily-stirred reactions.

Equation (9) has been modified by Rapp ^23^ to in
clude a density correction, e :
(10)
where

(11)

The above data supports the model of Equation (5),
indicating a need to separate the diffusional re
sistance in reactions of this type. High diffu
sional resistance is further indicated by the
increase in rate constant with agitation.
Based on the preceding model, single reactor vol
umes may be calculated using Equations (6) and
(7). However, this model easily lends itself to
design of tanks in series, such as would be
675

V X_1 = volume at 100% conversion
V x _q = volume at 0% conversion
Based upon laboratory measurements, e is small for
most agricultural product reactions, and thus
Equation (9) is used for designing the reactors in
this study.

itself, is equivalent to three percent of the
product methane, Alich and Inman ^ , Berry and
Fels
and Pimental
Therefore, the net
efficiency of the biological conversion process is
about 89.5 percent.

Process Description
Figure 2 shows the necessary processing steps
and equipment for the production of 50.0 million
3
ft of methane per day. Approximately 4460.0
tons of biomass are required per day. Plant
matter is field cut, baled into large one ton
bales and transported to a stockpile at the cen
tral plant. Crop wastes may be stored in the
field and harvested at the farmer's convenience.

Process Economics

The biomass is passed through a shredder before
entering the reactors. Storage silos provide one
day of feed retention. Ground biomass is mixed
with water to a concentration of 10 percent solids
before entering the reactors. The reactors are
five million gallon floating head steel insulated
tanks and are operated in series. Heating and
agitation are provided by gas recirculation.
The product gas stream is compressed to 15 psig.
Carbon dioxide and hydrogen sulfide are scrubbed
from the methane with monoethanol amine solution.
A glycol scrubber dries the gas to produce pipe
line quality methane.

Table IV presents the economics for the process
utilizing crop wastes. For a rate constant of
0.054 days-1 (periodically stirred reactors), the
total capital investment is $75.45 million, in
cluding a 30.0 percent contingency. Over 65.0
percent of the investment is for the reactors.
All equipment costs are based on data by Guthrie
and are corrected to 1975.
An extensive study has concluded that biomass can
be produced and harvested on Class I to Class IV
lands for $10.00 per ton, Alich and Inman
Using this value, total raw material cost is
$14.63 million.
Labor was calculated as 0.86 percent of the in
vestment. Maintenance and depreciation were cal
culated as 5.0 percent of the investment and taxes
and insurance as 2.0 percent. Total operating
costs are $24.91 million. With revenue at $33.85
million ($2/MSCF), net profit is $4.47 million per
year and the return on investment is 10.92 percent.

By utilizing waste heat from the compressor ex
haust and heat exchange between the process
streams, only 7.5 percent of the methane pro
duced is required for compression and heat within
the process. The energy requirement for collectting and transporting crop materials to the plant
site (an average of fifty miles), including the
energy requirement of the collection equipment

The liquid effluent from the reactors will contain
the undigested carbon and all the materials from
the original crop matter. This material should be
an excellent soil amendment; however, its
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fertilizer value is not included in these economic
projections.

in the rate constant can be expected with in
creased study. Separating the reaction steps
would allow operating each stage at its particular
optimal conditions of temperature and pH. Using
improved microbial strains at each stage could
enhance the hydrolysis of the solid biomass and
increase the conversion of the soluble organics to
organic acids. Concentrations of intermediate
organic acids could be controlled at a signifi
cantly higher level, thereby increasing the rate
of the methane producing step. Separation and
return of microorganisms to each step should also
enhance the reaction rate.

A slight increase in the rate constant to 0.086
days , representing stirred reactors, reduces
total capital investment costs to $50.35 million
for the 50 MSCFD facility. Operating costs are
$21.69 million and net profit is $6.08 million
per year. Return on investment is increased to
17.08 percent.
Since reactor costs constitute a large percentage
of the total capital investment, the process eco
nomics are strongly dependent upon the reaction
rate and, therefore, upon the specific rate con
stant. A plot of R0I as a function of specific
rate constant indicates that doubling the rate
constant produces almost a doubling of the return
on investment. Clearly, additional study of this
process should concentrate on the reaction
kinetics.

Summary and Conclusions
Approximately one-fourth of the total energy re
quirement in the United States could be met by
employing present farming techniques on idle lands
to produce biomass and by utilizing biomass from
agricultural wastes. Conversion of these agricul
tural materials to methane gas can be accomplished
by the process anaerobic digestion. It has been
shown that the microbial reaction kinetics of this
process can be approximated by a first order

Since the anaerobic process has not been studied
from the standpoint of optimizing yields, it is
reasonable to expect that significant improvements
Table IV.

Economic Analysis of Methane Production from Fuel Crops
kj 0.54 Days"1

k = 0,086 Days"1

$51.70
1.17
1.90
2.00
0.31
0.06
17.41
$75.45 M

$32.39
1.17
1.90
2.00
0.31
0.96
11.62
$50.35 M

Revenue ($2/MSCF)

$33.85 M/yr

$33.85 M/yr

Operating Costs (in $M/yr)
Raw Material ($10/ton)
Power
Water
Labor
Maintenance
Depreciation
Taxes and Insurance
Total

$14.63
0.26
0.32
0.65
3.77
3.77
1.51
$24.91 M/yr

$14.63
0.26
0.32
0.43
2.52
2.52
1.01
$21.69 M/yr

$8.94 M/yr
$4.47 M/yr
10.92%

$12.17 M/yr
$6.08 M/yr
17.08%

Capital Investment (in $M)
Digesters
Grinding and Storage
Compressors
Pumping and Piping
Strippers and Absorbers
Heat Exchangers
Contingency (30%)
Total

Gross Profit
Net Profit
Return on Investment
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reaction, based on carbon concentration. A speci
fic rate constant of 0.086 days 1 has been deter
mined for various agricultural materials.
Bioconversion of plant matter to methane gas is
economically attractive at today's fossil fuel
prices. Return on investment for a 50 MSCF/day
plant was determined to be 17.08 percent. Fur
ther study should be concentrated on increasing
reaction rates, and even better economics are
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